Introduction
Hepatitis B virus (HBV) infection is a severe public health problem worldwide. Chronic HBV infection is related to a variety of diseases including asymptomatic HBV carrier status (ASC), chronic hepatitis (CH), liver cirrhosis (LC), and hepatocellular carcinoma (HCC), constituting a major cause of liver-related morbidity and mortality. [1] [2] [3] The various outcomes in HBV infection result from the complex interplay between HBV replication and host immune response. 4 It is widely recognized that CD8 + T-cells play an important role in the host immune response to HBV infection. In acute HBV infection, CD8
+ T-cells are primarily involved in virus clearance by producing cytokines interferon (IFN)-γ and tumor necrosis factor-α. 5, 6 In chronic HBV infection, however, CD8 + T-cells exhibit exhausted phenotype suffering from loss of function [7] [8] [9] [10] and the condition of HBV-specific CD8 + T-cell exhaustion is related to different clinical outcomes.
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Li et al T-cell immunoglobulin and mucin domain containing molecule-3 (Tim-3), a type I transmembrane protein negatively regulating immune responses, is involved in the dysfunction and exhaustion of CD8 + T-cells in chronic HBV infection. The expression of Tim-3 is significantly increased in HBV-specific CD8
+ T-cells and this is associated with the exhaustion of CD8 + T-cells in patients with chronic HBV infection. [12] [13] [14] [15] [16] Blocking Tim-3 signaling pathway is able to reverse the impaired function of CD8 + T-cells. 12, 13, 17 Increased Tim-3 expression on both peripheral T-cells and monocytes and lymphocytes in liver tissues is closely related to the disease progression of chronic HBV infection and HBV-related HCC. 12, 14, 15, 18 Therefore, Tim-3 plays important roles in the pathogenesis of chronic HBV infection.
In addition to the membrane-bound form, Tim-3 has a soluble form (sTim-3), which may be produced by alternative splicing, 19, 20 cleavage from the cell surface by matrix metalloproteinases, a disintegrin, and metalloprotease (ADAM)10 and ADAM17, 21 and even the passive release of a soluble fragment from apoptotic cells. 22 sTim-3 is also functionally relevant to the regulation of T-cell-mediated immune response. For example, recombinant mouse sTim-3 is able to inhibit T-cell responses to antigen-specific stimulation. 20 
sTim-3 is involved in Toll-like receptor-mediated immune responses of CD14
+ monocytes. 21 sTim-3 shed from CD8
+ T-cells in HIV infection functions as a coinhibitory receptor. 23 The mechanism of CD8 + T-cell exhaustion by Tim-3 and sTim-3 expression remains largely unknown. Recent studies showed that Tim-3 may contribute to exhaustion by restricting the development of long-lived memory T-cells 24 and Tim-3 engagement during antigen stimulation can directly influence T-cell differentiation through mammalian target of rapamycin complex-1. 25 In addition, another recent study showed that human liver cancer tissues contained a high ratio of Tim-3 expressing hepatocytes and HBV was involved in Tim-3 upregulation in malignant hepatocytes. The tumor cell-intrinsic Tim-3 can promote liver cancer through nuclear factor-κB/interleukin-6/signal transducer and activator of transcription 3 axis. 26 Although the role of the membrane-bound form of Tim-3 in immune dysfunction and disease progression during HBV infection has been extensively documented, the potential influences of the soluble form, namely sTim-3, on HBV infection remain unknown. Therefore, this study examined the levels of serum sTim-3 in patients with chronic HBV infection of various liver diseases and analyzed the association between sTim-3 and clinical diseases of chronic HBV infection, and overall survival of patients with HBV-related HCC.
Patients and methods
Study population
Two hundred eighty-eight patients and 92 age-and sexmatched healthy controls were included in this study. All the patients were recruited from the First Affiliated Hospital of Xi'an Jiaotong University, a tertiary hospital in northwest China. Patients who had a history of HBV infection for >6 months and had no treatment with any nucleos(t)ide analogs or immune regulatory agents including IFN at study entry were included. All the patients and healthy controls were adults. Individuals aged <18 years were excluded. Patients with positivity for hepatitis C virus or HIV, and having autoimmune, alcoholic, metabolic, or drug-induced liver diseases were excluded. The healthy controls were individuals who had normal liver biochemistries, no history of hepatitis B, and negativity for HBV markers or positivity for antibodies against hepatitis B surface antigen (anti-HBs) only due to hepatitis B vaccination.
The patients were diagnosed with ASC, CH, LC, and HCC based on the history of HBV infection, serostatus of HBsAg/ anti-HBs, HBeAg/antibodies against hepatitis B e antigen (anti-HBe), and antibodies against hepatitis B core antigen (anti-HBc), serum HBV DNA levels, biochemical liver function, and findings of ultrasonography and/or computerized tomography (CT)/MRI. Patients with chronic HBV infection who had positivity of HBsAg, HBeAg, and anti-HBc, increased levels of HBV DNA, and persistently normal serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were diagnosed as having ASC. Patients with chronic HBV infection who had positivity of HBsAg, HBeAg, or anti-HBe, and anti-HBc, increased HBV DNA levels, abnormal serum ALT, and no evidence of LC and HCC on ultrasonography and CT were diagnosed as having CH. Patients with chronic HBV infection who had positivity of HBsAg, HBeAg, or anti-HBe, and anti-HBc, detectable levels of HBV DNA, evidence of LC but no evidence of HCC on liver biopsy and/or on ultrasonography and/or CT/MRI and gastroesophageal varices by endoscopy were diagnosed as having LC. And patients with chronic HBV infection who had positivity of HBsAg, HBeAg, or anti-HBe, and anti-HBc, detectable levels of HBV DNA, evidence of HCC on liver biopsy and/or ultrasonography and/or CT/MRI were diagnosed as having HCC. In all, 84 patients with HBV-related HCC were followed up for a median of 52 (31-75) months and they had a median overall survival of 28 (1-63) months. The study was performed in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of the First Affiliated Hospital of Xi'an Jiaotong University. All the study subjects gave written informed consent. 
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Soluble Tim-3 in HBV-related HCC Determination of serum sTim-3 levels Fasting blood sample was collected from all participants at the study entry, and serum samples were stored at −80°C before use.
Serum levels of sTim-3 were measured using a commercially available Quantikine Human Tim-3 enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems Inc, Minneapolis, MN, USA) according to the manufacturer's instructions. The sensitivity, minimum detectable dose (MDD), of the assay was 0.554-8.75 pg/mL and the mean MDD was 2.17 pg/mL. The intra-assay coefficient of variation ranged from 2.2% to 2.6% and the inter-assay coefficient of variation ranged from 3.9% to 5.3%. The persons who determined the serum levels of sTim-3 were unaware of the case-control status and the patients' clinical characteristics when they read the sTim-3 ELISA.
Laboratory tests
HBsAg, anti-HBs, HBeAg, anti-HBe, and anti-HBc were determined using ELISA kits from Beijing Wantai Biological Pharmacy (Beijing, China). Biochemical liver function, including ALT and AST levels (IU/L), was assayed on the Olympus AU5400 automatic biochemical analyzer (Olympus Corporation, Tokyo, Japan). The HBV Fluorescent Quantitative PCR Detection Kit with TaqMan probes (Da-An Gene Co, Guangzhou, China) was used to quantitatively determine the serum HBV DNA levels (IU/mL) according to the manufacturer's instruction. Serum α-fetoprotein (AFP) levels (ng/ mL) were measured by automated Eleceyes (Hoffman-La Roche Ltd, Basel, Switzerland).
Statistical analysis
Serum sTim-3 levels were logarithmically transformed to meet the normal distribution. Data were expressed as the mean ± SD or median (range). Statistical analysis was performed by SPSS software version 20.0 (IBM Corporation, Armonk, NY, USA). The two independent samples t-test was used to compare serum sTim-3 levels between patients and controls. Analysis of variance was used to compare serum sTim-3 levels among different clinical diseases of chronic HBV infection and further comparisons between groups were performed with post hoc tests followed by Bonferroni's correction (when equal variances were assumed) or Dunnett's T3 (when equal variances were not assumed). Correlations between values were examined by calculating Spearman correlation coefficients. Multiple stepwise logistic regression analyses were used to assess the factors independently associated with HCC in the patients. A receiver operating characteristic (ROC) curve was plotted to identify the optimal cutoff value of serum sTim-3 levels for evaluating the performances of sTim-3 in discriminating patients with HCC from patients without HCC and the area under the ROC curve (AUC) was calculated. Univariate and multiple Cox regression analyses were used to identify factors associated with the overall survival of HCC patients and to estimate the HR and 95% CI. Overall survival of HCC patients was analyzed by Kaplan-Meier analysis and compared by the log-rank test. A P-value <0.05 was considered statistically significant.
Results
Characteristics of the study subjects
The recruited patients with chronic HBV infection had a male/female ratio of 202/86 and aged 44.92±13.56 years. The healthy controls had a male/female ratio of 65/27 and aged 44.34±13.68 (18-76) years. The gender and age between the patients and healthy controls had no significant differences (P=0.925 and P=0.724, respectively, Table S1 ). The diagnosis of the clinical diseases in the 288 patients included 59 ASC, 55 CH, 90 LC, and 84 HCC (Table S1 ).
Association of serum sTim-3 levels with clinical diseases in chronic HBV infection
Serum sTim-3 levels in patients with chronic HBV infection (3.35±0.32 log pg/mL) were significantly elevated compared with healthy controls (2.64±0.32 log pg/mL, P<0.001, Figure 1 ).
The gender, age, HBeAg, HBV DNA, ALT, AST, total bilirubin, albumin, and serum sTim-3 levels between ASC, CH, LC, and HCC patients were significantly different (P=0.032, Serum sTim-3 levels from ASC, CH, LC to HCC were sequentially increased. Serum levels of sTim-3 in ASC (2.97±0.19 log pg/mL), CH (3.29±0.28 log pg/mL), LC (3.43±0.26 log pg/mL), and HCC (3.57±0.22 log pg/mL) were significantly higher than those in healthy controls (all P<0.001, Figure 2A ). Serum sTim-3 levels in HCC were significantly elevated compared with ASC, CH, and LC (P<0.001, P<0.001, and P=0.001, respectively); serum sTim-3 levels in LC were significantly elevated compared with ASC and CH (P<0.001 and P=0.038, respectively); and serum sTim-3 levels in CH were significantly elevated compared with ASC (P<0.001, Figure 2A ). Serum sTim-3 levels in patients with HCC were significantly higher than those in patients without HCC (P<0.001, Figure 2B ).
Correlations of serum sTim-3 levels with demographics and laboratory parameters
In ASC, there was a positive correlation between serum sTim-3 levels and age (r=0.334, P=0.010), and a negative correlation between serum sTim-3 levels and albumin (r=−0.287, P=0.028). In CH, serum sTim-3 levels were positively correlated with ALT (r=0.493, P<0.001), AST (r=0.552, P<0.001), and total bilirubin (r=0.384, P=0.004) levels and negatively correlated with albumin levels (r=−0.507, P<0.001). In LC, serum sTim-3 levels were positively correlated with HBV DNA (r=0.421, P<0.001), ALT (r=0.399, P<0.001), AST (r=0.480, P<0.001), and total bilirubin (r=0.506, P<0.001) levels, and negatively correlated with albumin levels (r=−0.474, P<0.001). In HCC, serum sTim-3 levels were also positively correlated with ALT (r=0.239, P=0.031), AST (r=0.423, P<0.001), and 
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Soluble Tim-3 in HBV-related HCC total bilirubin (r=0.601, P<0.001) levels, marginally positively correlated with HBV DNA levels (r=0.213, P=0.052), and negatively correlated with albumin levels (r=−0.372, P<0.001, Table 2 ). When all the patients with chronic HBV infection were included in the correlation analysis, serum sTim-3 levels were positively associated with patients' age, and ALT, AST, and bilirubin values and negatively associated with albumin levels (all P<0.001, Table 2 ).
Performance of serum sTim-3 levels in discriminating HCC from other liver diseases Table 3 ). ROC curve was plotted to evaluate the performance of serum sTim-3 levels in discriminating HCC from ASC, CH, and LC. The AUC was 0.989 for HCC versus ASC (cutoff value=3.26 log pg/mL, sensitivity=94%, and specificity =94.9%, Figure 3A) , 0.770 for HCC versus CH (cutoff value =3.26 log pg/mL, sensitivity=94%, and specificity=50.9%, Figure 3B ), 0.649 for HCC versus LC (cutoff value=3.39 log pg/mL, sensitivity=77.4%, and specificity=46.7%, Figure 3C ), and 0.780 for HCC versus non-HCC (cutoff value=3.27 log pg/mL, sensitivity=94%, and specificity=54.4%, Figure 3D ).
Association of serum sTim-3 levels with overall survival of HCC patients
Univariate Cox regression analysis showed that AST, total bilirubin, albumin, AFP, Child-Pugh grade, and sTim-3 levels were associated with the overall survival of patients with HBV-related HCC (Table 4) . Multivariate stepwise Cox regression analysis showed that serum sTim-3 levels (HR (95%CI)=2.773 (1.474-5.219), P=0.002), together with gender and AFP (HR (95%CI)=4.329 (1.297-14.492), P=0.017; and HR (95%CI)=3.388 (1.816-6.321), P<0.001, respectively), were independently associated with the overall survival of HCC patients (Table 4) .
Kaplan-Meier survival curves and the log-rank test showed that the overall survival of HCC patients with serum sTim-3 levels >3000 pg/mL (3.477 log pg/mL) was significantly lower than those with serum sTim-3 levels ≤3000 pg/ mL (P=0.019, Figure 4) .
Discussion
This is, to our knowledge, the first study to investigate serum sTim-3 in chronic HBV infection. The results showed that serum sTim-3 levels were significantly elevated in patients with chronic HBV infection, stepwisely increased from ASC, CH, LC to HCC, were closely associated with biochemical liver function, and highly discriminative of HCC from ASC, CH, and LC as well as non-HCC conditions in chronic HBV 
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Li et al infection. Furthermore, serum sTim-3 levels were significantly associated with the overall survival of patients with HBV-related HCC.
So far, sTim-3 has been shown to be involved in several human diseases. For example, altered sTim-3 has been associated with the development of sepsis 27 and the regulation 
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Soluble Tim-3 in HBV-related HCC of immunity in unexplained recurrent spontaneous abortion. 28 sTim-3 levels have also been associated with diffuse cutaneous systemic sclerosis, 29 severe graft-versus-host disease, 22 and the non-relapse mortality and overall survival after allogeneic hematopoietic cell transplantation. 30 In infectious diseases, serum sTim-3 levels have been revealed to be involved in pulmonary tuberculosis 31 and disease progression in HIV infection. 23 The results in this study, indicating the involvement of sTim-3 in chronic HBV infection and the progression of HBV-related liver diseases, have added novel information about the role of sTim-3 in human diseases. Among clinical diseases of chronic HBV infection including ASC, CH, LC, and HCC, this study showed that serum sTim-3 levels were progressively increased from ASC, CH, LC to HCC. These results indicate that the elevated sTim-3 levels are involved in disease progression during chronic HBV infection although the disease conditions in this study were cross-sectionally diagnosed in different individuals chronically infected with HBV.
Serum sTim-3 levels were positively correlated with ALT, AST, and total bilirubin levels in CH, LC, and HCC and negatively correlated with albumin levels in ASC, CH, LC, and HCC. These results indicate that the elevated sTim-3 may reflect the severity of necroinflammation and the impairment of albumin synthesis of the liver in patients with chronic HBV infection. Intriguingly, the sTim-3 levels seem to fully reflect the profile of liver function abnormalities in chronic HBV infection because the levels are related to not only the increased aminotransferase and total bilirubin levels, which primarily indicate the degree of necroinflammation of the liver, but also the decreased albumin level, which mainly reveals the severity of synthesis function of the liver. The currently recommended indications for treatment of chronic HBV infection are based mainly on the combination of serum HBV DNA levels, ALT levels, and severity of liver disease. 4 The results of this study indicate that sTim-3, an immuneresponse molecule, may reflect both the immune status and the severity of liver impairment. Therefore, sTim-3 may have the potential to be included as an indicator for patient treatment and a predictor for treatment response in chronic HBV infection. The serum sTim-3 level in HCC was the highest and independently associated with HCC in comparison to non-HCC diseases including ASC, CH, and LC. The AUC values indicate that the serum sTim-3 level was significantly discriminative of HCC from non-HCC with high sensitivity and specificity. Furthermore, serum sTim-3 level was a significantly independent factor associated with the overall survival rate of HBV-related HCC patients. These results suggest that sTim-3 may play an important role in the pathogenesis of HBV-related HCC and the significantly increased serum sTim-3 levels may serve as a biomarker of HCC development during chronic HBV infection and a prognostic factor for patients with HBV-related HCC.
Increased membrane-bound Tim-3 expression on CD4
+ and CD8 + T-cells has been associated with the severity of CH B and liver injury because of its positive correlation with ALT, AST, and total bilirubin values.
14 In patients with HBVrelated HCC, Tim-3 expression is increased on CD4
+ and CD8
+ T-cells, the numbers of Tim-3 + tumor infiltrating cells are negatively associated with patient survival, and blockade of the Tim-3 signaling pathway significantly increases the functionality of tumor infiltrating Tim-3 + T-cells. 12 It is suggested that the level of Tim-3 expressed on T-cells and the severity of T-cell exhaustion are highly correlated in chronic HBV infection and HBV-related HCC. Similar results were obtained in the present study for sTim-3, showing its close association with disease progression, abnormal liver function, and the survival of HCC patients in chronic HBV infection. Because sTim-3 is primarily shed from cells expressing this molecule including monocytes 21 and CD8 + T-cells such as in HIV infection, 23 it is indicated that the levels of serum sTim-3 may parallel the levels of membrane-bound Tim-3 expressed on immune cells. Therefore, sTim-3 levels may reflex the quantity of membrane-bound Tim-3 expression. Serum sTim-3 may thus be used as an excellent surrogate of membrane-bound Tim-3 with the advantage over cell expressing Tim-3 in the determination of methodology.
Programmed death-1 (PD-1), another immunoinhibitory receptor, has also been associated with immune dysfunction in chronic HBV infection and HBV-related HCC. 10, [32] [33] [34] [35] [36] [37] Recent studies showed that the soluble form of PD-1, scilicet PD-1 (sPD-1), is involved in the disease course of chronic HBV infection and its serum levels are associated with disease conditions in chronic HBV infection including HBV-related HCC in particular. 38, 39 Similarly, the sTim-3 levels determined in this study appear to have a similar Figure 4 Kaplan-Meier curves of overall survival in patients with HCC according to serum sTim-3 levels of ≤3000 pg/mL (a) and >3000 pg/mL (b). At the cutoff value of 3000 pg/mL identified by the receiver operating characteristic curve, HCC patients with a sTim-3 level >3000 pg/mL had shorter cumulative survival. Abbreviations: HCC, hepatocellular carcinoma; sTim-3, soluble T-cell immunoglobulin and mucin domain containing molecule-3. 
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Soluble Tim-3 in HBV-related HCC pattern of change with sPD-1 in chronic HBV infection and HBV-related HCC. As for membrane-bound forms of Tim-3 and PD-1, both of them are highly expressed in chronic HBV infection and HBV-related HCC. 15 However, the role of Tim-3 and PD-1 in driving T-cell exhaustion in chronic HBV infection has been indicated to be nonredundant. 13 Studies showed that combined targeting of both PD-1 and Tim-3, compared with targeting either PD-1 or Tim-3 alone, is more effective in controlling chronic viral infection 40 and suppressing tumor proliferation. 41 Dual blockade of PD-1 and Tim-3 could also enhance the rate and strength of functional antiviral responses in patients with chronic HBV infection. 13 For soluble PD-1 and Tim-3, co-administration of these two molecules as molecular adjuvants has been revealed to be able to enhance SIV-specific cell-mediated immune responses in mice. 42 In this respect, the findings that both sTim-3 and sPD-1 are significantly increased in chronic HBV infection and HBV-related HCC may have implications for developing novel strategies through targeting both Tim-3 and PD-1 as an approach to improving control of chronic HBV infection and HBV-related HCC and for monitoring the effectiveness of treatment response by dual targeting Tim-3 and PD-1.
This study has several limitations including the small number of patients in the subgroups of different clinical diseases, the lack of study in replication populations, and the lack of functional studies concerning the role of sTim-3 in the CD8 + T-cell exhaustion in chronic HBV infection. We found that the sTim-3 level had very close correlation with the parameters of biochemical liver function such as ALT, AST, and albumin but it only demonstrated moderate performance for discriminating HCC from CH, LC, and non-HCC. Therefore, further studies are required to verify and extend our findings.
Conclusion
This study revealed that serum sTim-3 levels are significantly increased in patients with chronic HBV infection, and closely associated with disease progression and the severity of liver function abnormalities in patients with chronic HBV infection. Serum sTim-3 levels are independently associated with HCC risk in chronic HBV infection and significantly associated with the overall survival of patients with HBV-related HCC. These results suggest the involvement of sTim-3 in disease progression, especially hepatocarcinogenesis, in chronic HBV infection. Quantitative determination of serum sTim-3 may have the potential to be applied as a biomarker of HBV disease monitoring and HBV-related HCC prognosing. Further prospective studies are needed to validate the findings of this study and to examine the underlying mechanisms of sTim-3 elevation in HBV-related liver diseases. The potential usefulness of sTim-3 in predicting treatment response in chronic HBV infection also requires to be investigated in future studies.
